Electron dynamics surrounding the X-line in magnetopause-type asymmetric reconnection is investigated using a two-dimensional particle-in-cell simulation. We study electron properties of three characteristic regions in the vicinity of the X-line. The fluid properties, velocity distribution functions (VDFs), and orbits are studied and cross-compared. On the magnetospheric side of the X-line, the normal electric field enhances the electron meandering motion from the magnetosheath side. The motion leads to a crescent-shaped component in the electron VDF, in agreement with recent studies. On the magnetosheath side of the X-line, the magnetic field line is so stretched in the third dimension that its curvature radius is comparable with typical electron Larmor radius. The electron motion becomes nonadiabatic, and therefore the electron idealness is no longer expected to hold. Around the middle of the outflow regions, the electron nonidealness is coincident with the region of the nonadiabatic motion. Finally, we introduce a finite-time mixing fraction (FTMF) to evaluate electron mixing. The FTMF marks the magnetospheric side of the X-line, where the nonideal energy dissipation occurs.
I. INTRODUCTION
Magnetic reconnection is a fundamental process at plasma boundary layers. By changing the field-line topology, the reconnection process allows the rapid release of the stored magnetic energy to plasma energies, as well as the transport of mass, momentum, and energies across the boundaries. The physics of magnetic reconnection has long been studied by means of magnetohydrodynamic and kinetic theories, computer simulations, and satellite observations in solar-terrestrial environments (e.g., Birn At the Earth's dayside magnetopause, magnetic reconnection occurs between the magnetosheath and the magnetoshere. Plasma properties of the two regions are quite different.
The magnetosheath side is dominated by a shocked solar-wind plasma, while the magnetospheric side is dominated by the Earth's dipole magnetic field. To discuss magnetopause reconnection, it is important to understand the influence of asymmetric upstream conditions to the reconnection process. Many aspects of asymmetric reconnection have been explored over a decade. For discussions of earlier progress in the study of asymmetric reconnection, readers may wish to consult Mozer & Pritchett 31 for theoretical aspects, Paschmann et al. 34 for observational aspects, and Eastwood et al. 13 and Cassak & Fuselier 8 for both aspects.
In order to observe kinetic signatures in near-Earth reconnection sites, NASA has embarked the Magnetospheric Multiscale (MMS) mission. 6 Thanks to multi-spacecraft operation and high-resolution instruments, MMS is able to measure electron-physics signatures for the first time in magnetospheric physics. The MMS has extensively observed current layers at the Earth's magnetopause during the first phase of the mission in 2015-2017. The mission has strongly motivated theorists to explore the electron physics in asymmetric reconnection.
In the following paragraphs, we briefly review recent progress in the electron kinetic physics and the relevant signatures in asymmetric reconnection, by means of particle-in-cell (PIC) simulations.
Pritchett & Mozer 38 was one of the first to focus on the electron physics near the X-line.
They studied various quantities around the reconnection site in their PIC simulations, in order to identify the electron-physics region. Their results were successively reviewed by
Mozer & Pritchett 31 . They only found that asymmetric reconnection appears to be quite different from symmetric reconnection in various parameters. This inconvenient fact led researchers to seek for new parameters to interpret the results. Zenitani et al. 52 developed a frame-independent formula of the nonideal energy dissipation, which identifies an electronscale dissipation region surrounding the X-line in various cases, including asymmetric reconnection with and without the guide field. This visualized that asymmetric reconnection involves an electron-physics layer surrounding X-line. Meanwhile, Egedal et al.
14 discussed the influence of the parallel electric field to electron orbits and velocity distribution functions (VDFs). Since the field-aligned component of the reconnection electric field traps the electrons in the inflow regions, the composition of the electron VDFs can be organized by using a parallel potential. When the asymmetry in the inflow density is high, the parallel field tends to accelerate electrons toward the high-density magnetosheath side in an exhaust region.
Hesse et al. 20 investigated the electron physics near the X-line in detail. They evaluated the electron Ohm's law across the reconnection layer. The authors found that, unlike in symmetric reconnection, the bulk inertial effect sustains the reconnection electric field at the X-line and that the divergence of the electron pressure tensor supports the reconnection electric field at the flow stagnation point. At the stagnation point, they found that an electron VDF consists of a gyrotropic core component and a crescent-shaped meandering component originating from the magnetosheath. The crescent-shaped VDF has drawn immediate attention. The MMS spacecraft successfully measured crescent-shaped electron VDFs during a reconnection event at the dayside magnetopause. 7 Since the crescent appeared in a perpendicular plane to the magnetic field in the VDF, they called it a "perpendicular crescent." They discovered a new crescent-shaped VDF in the same event. Since it appeared in a parallel plane, it was named a "parallel crescent." The parallel-crescent electrons are streaming away from the X-line. The MMS observation stimulated further investigation on the electron VDFs.
Bessho et al. 1 examined the trajectories of meandering electrons and the detailed structure of the electron VDFs near the X-line. Recognizing a strong normal electric field (E z ), they developed a simple one-dimensional model across the reconnection layer. Then, they discussed key signatures of the electron VDFs and motions, such as requirements for the crescent-shaped component and the penetration distance of sheath-origin electrons. Their model successfully explained the spatial variation of the electron VDFs. Chen et al. 9 constructed an array of electron VDFs around the reconnection site. They discussed the relevance between these VDFs and the electron motion. Signatures of the meandering motion of the sheath-origin electrons, such as the acceleration in the current-carrying direction and the slow rotation by the normal magnetic field, were evident in the VDFs. They reported that the combination of the core component from the magnetosphere and the crescent-shaped meandering component from the magnetosheath is a robust feature.
Shay et al. 45 examined various plasma properties and different measures around the Xline. They found that the normal electric field along the separatrix touches the field reversal only near the X-line. This led them to propose the normal electric field at the field reversal as a handy signature of the dissipation region. They discussed the crescent-shaped VDFs using a one-dimensional model in a sophisticated manner. They pointed out that crescent-shaped VDFs are found in many places along the separatrix. Egedal et al. 15 studied electron VDFs along the sphere-side separatrix in their PIC simulation. They showed that gyrotropic motions of high-density, sheath-origin electrons account for both the perpendicular and parallel crescents. The authors argued that the sheath-origin electrons have higher energies, because they are accelerated by the normal electric field. Then they are trapped along the separatrix by the mirror force and the parallel electric field. The trapping model predicts loss cones in the VDF. As a result, their VDF exhibits a parallel-crescent, a high-energy shell with a loss cone in the incoming-side. They showed that electron diamagnetic effect also results in a perpendicular crescent VDF. Lapenta et al. 27 analyzed the single-particle motion in the immediate vicinity of the field reversal. They claimed that the normal electric field is not essential for the crescent VDFs. They also showed crescent-shaped VDFs in symmetric reconnection as well.
Investigations with 3D PIC simulations are in progress. Pritchett & Mozer 40 reported ripple-like fluctuations along the magnetosphere-side separatrices, where there is a steep gradient in the plasma density. Subsequent simulations using high mass ratios [41] [42] [43] revealed that the fluctuations are driven by the electrostatic lower-hybrid drift instability (LHDI).
This LHDI is usually localized away from the X-line and occurs on an electron scale: The wave number k y in the third direction satisfies k y ρ e 1, where ρ e is the electron Larmor radius. The LHDI-driven turbulence modifies the local momentum balance of the electron fluid, 35, 42, 43 however, all these studies agree that the turbulence does not significantly alter the gross properties of 2D reconnection. The crescent-shaped VDFs were reported in these 3D cases.
29,35
Another issue is the electron mixing during magnetic reconnection. In a different context, Daughton et al. 11 studied the electron mixing in 3D asymmetric reconnection. In their study, many electrons leak out from the exhaust region to the inflow region, due to the complex field-line geometry in 3D. Then the authors utilized the electron mixing fronts to discuss the reconnection rate in turbulent reconnection. Le et al. 29 also examined electron mixing in 3D asymmetric reconnection in antiparallel configuration. They found that the LHDIdriven turbulence invokes the electron mixing and parallel heating in a magnetospheric inflow region.
Indeed, there has been significant progress in understanding electron kinetic properties of asymmetric reconnection. Now many scientists agree that asymmetric reconnection involves the crescent-shaped electron VDFs on the magnetospheric side of the X-line, due to the meandering motion of the sheath-origin electrons. 1, 9, 20, 45 It also turned out that the (perpendicular) crescent is not a unique signature near the X-line, because it is essentially a finite Larmor radius (FLR) effect at boundary layers such as the separatrix regions. 9, 15, 33, 45 The mechanism for the parallel crescent has just been proposed. 15 In 3D, a growing consensus is that a branch of LHDI invokes turbulence on the magnetospheric side of the reconnection layer. 29, 35, [40] [41] [42] [43] However, despite the 3D turbulence, many 2D properties of asymmetric reconnection remain unchanged. The electron crescent-shaped VDF persists in 3D, as confirmed by MMS observations. 7 It is possible that the LHDI-driven turbulence does not destroy FLR features such as the crescent-shaped VDFs, because the LHDI has a longer wavelength than the electron Larmor radius. An emerging issue is the enhanced electron mixing in 3D.
11,29
However, researches on the electron mixing have just started recently. Previous studies relied on a very simple diagnosis. To go further, it is desirable to further develop diagnosis frameworks to evaluate the electron mixing.
In this study, we explore detailed properties of asymmetric magnetic reconnection by using 2D PIC simulations. While previous researches extensively studied electron VDFs, we examine various electron-physics signatures surrounding the X-line from various angles, including single-particle dynamics. The electron nonidealness and the composition of the electron VDFs will be analyzed, with help from a dataset of many electron orbits. We further propose a new diagnosis to evaluate the electron mixing. This will be important for future study on turbulent 3D reconnections.
The paper is organized as follows. Section II briefly introduces curvature parameters that indicate nonadiabatic particle motions. Section III describes the numerical setup of a 2D PIC simulation. Section IV presents the simulation results. We will show electron fluid properties, electron VDFs, electron orbits, and the electron mixing. Section V contains discussions, followed by conclusions in Section VI.
II. CURVATURE PARAMETERS
The particle motion around a field reversal, approximated by B(z) = B 0 (z/L)e x + B n e z on the first-order, is characterized by a curvature parameter,
where R c is the curvature radius of magnetic field lines, L is the typical length, ρ is the Larmor radius, ρ 0 is the Larmor radius about the reference magnetic field B 0 , and ρ n about the normal magnetic field B n . When κ 2.5, magnetic moments are no longer conserved and therefore the particle motion is considered to be nonadiabatic. Particle motion becomes highly chaotic for κ ∼ 1. For κ 1, several classes of nongyrotropic motions appear, such as the Speiser (transient) motion and the regular motion.
10,49
When the system has a shear field B s in the third direction, i.e., B(z) = B 0 (z/L)e x + B s e y + B n e z , particle motion can be discussed by modified curvature parameters,
Here, κ s , κ n and κ tot are shear, normal, and total curvature parameters. When B s = 0, the last two are reduced to the classical curvature parameter, κ tot = |κ n | = κ. Similarly, κ tot ∼ 1 corresponds to chaotic particle motion. One article mentioned κ tot = 3 as a boundary between adiabatic and nonadiabatic particle motion. 3 Note that particle motion is discussed in a moving frame, in which the electric field is transformed away.
Recently, Le et al. 28 proposed the following curvature parameter for electrons,
where R c ≡ |b · ∇b| −1 is the magnetic curvature radius, ρ eff is the effective Larmor radius, b ≡ B/|B| is the unit vector, and P e is the electron pressure tensor. In this paper, we call it an ensemble curvature parameter. Note that ρ eff is evaluated in the rest frame of the electron bulk flow, while the original curvature parameters are considered in the moving frame at the E × B velocity, V E×B . Therefore, when the electron thermal speed (v e,th ) is large enough, v e,th |V e − V E×B |, the K parameter represents a curvature parameter for a typical electron in the distribution.
III. SIMULATION MODEL
We employed a partially implicit PIC code. 1/2 , respectively. The ion plasma frequency ω pi = (e 2 n 0 /ε 0 m i ) 1/2 is evaluated for the reference density n 0 . We used the following initial model,
where L = 0.5d i is the half thickness of the transition layer. This model was proposed by Pritchett 37 and slightly modified by Klimas et al. These conditions are almost the same as used in our previous studies, 19, 52 except for the system size in x. The domain is twice larger in x to eliminate the electron circulation effects across the periodic boundaries, as will be discussed in Section IV D. We use 1.1 × 10 9 particles. During 30 < t < 40, we record self-consistent trajectories of 1.8 × 10 7 electrons (three percent of the total electrons). Since they are selected only by the particle id in the simulation, there is no selection bias. We analyze the "trajectory dataset" as well as snapshot data.
Note that our coordinate system differs from the GSM system at the magnetopause in which x and z are interchanged. We call the high-density side (z 0), the magnetosheath, the sheath, or the lower half. We also call the low-density side (z 0), the magnetosphere, the sphere, or the upper half. 
IV. RESULTS

A. Fluid properties
Shown in Figure 1 are selected properties at t = 35. They are averaged over 34.5 < t < 35.5 to remove noise. The reconnection rate peaks around this time. The evolution of the rate in a similar configuration was presented in Hesse et al. 19 (see Fig. 4 in the paper). In Figure 1 , the contour lines, the dashed line, and the arrows indicate the in-plane magnetic field lines, the field reversal (B x = 0), and the in-plane electron velocity. There is a strong polarization electric field E z < 0 along the sphere-side separatrix. 37, 50 Its amplitude is an order-of-magnitude larger than the other components. As pointed out by Shay et al. 45 , the E z < 0 layer touches the field reversal only near the dissipation region. 
This is related to the nonideal transport of the in-plane magnetic flux.
Three characteristic regions are indicated by the numbers. We call them Regions 1, 2, and 3, respectively. Region 1 is the positive-E y region in red near the X-line. At the X-line, E y is weakly positive and it becomes strong in the upper area of the field reversal. The second is the negative-E y region below the X-line (z −0.4). This region is interesting, because there is no negative-E y region in the magnetospheric side. The third is the negative-E y region in the right outflow region (65.5 < x < 67, −0.5 < z < 0). There is another one in the left outflow region (61 < x < 62.5, −0.5 < z < 0), but we focus on the right one due to the left-right symmetry. Later in this paper, electron particle properties will be studied in the three boxes. We call them Boxes 1, 2, and 3. one can see E > 0 in the right and E < 0 in the left below the horizontal B y = 0 line. This is because the parallel electric fields are directed toward the high-density magnetosheath side, to adjust the electron diffusion along the field lines. 14 The bipolar E structure near the X-line, the left E > 0 (red) region and the right E < 0 (blue) region, is attributed to the y-projection of the reconnection electric field E y and the z-projection of the polarization field E z ( Fig. 1(b) ). It is considered as an asymmetric variant of the inner quadrupolar structure of E in symmetric reconnection.
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Figure 1(f) displays the ensemble curvature parameter K for electrons (Eq. 3). The magnetic curvature radius is computed by Shen et al. 46 's method. In the magnetospheric side, since the field lines are almost straight, the parameter is large K 3. In contrast, in the magnetosheath side, one can see a small-K region around Region 2 and narrow K 2 layers in the outflow regions. The outflow layer is slightly above the field reversal B x = 0.
Figures 1(g) and 1(h) will be described later in Section IV D.
To understand the z-structure of the reconnection layer, we show plasma velocities along the inflow line (x = 64.0) in Figure 2 (a). For convenience, we use different scales in the upper (V > 0) and lower (V < 0) halves. The E × B velocities become singular at the X-line (z = −0.2), because the electric field remains finite. The ions travel in +y and the electrons in −y so that they carry the y-current ( Fig. 1(a) ). Aside from noises in V E×B,y , the electron bulk speed V ey (the thin red line) is larger than the ion speed V iy (the thin blue 
Magnetosphere Magnetosheath X-line line) and the E × B speed, V ey > V iy ≈ V E×B,y , in the magnetosheath (z −0.8). This is puzzling for the following two reasons: First, we expect that electrons are magnetized V e ≈ V E×B , even when the ions are not magnetized V i = V E×B . Second, the ions and electrons carry the electric current in the opposite direction, J y < 0. Although hardly visible in Figure 1(a) , there are current layers in light blue (J y < 0) around Region 2 and along the magnetosheath-side separatrices. In the z direction, both ions and electrons travel upward.
The electrons travel faster than the ions in the z 0.3 region,
one can see the z-projection of the puzzling feature, V ez > V iz ≈ V E×B,z . This V e = V E×B region corresponds to Region 2, as will be discussed in Section V. (Fig. 1(e) ). The electric field E y is decomposed by using the electron Ohm's law,
The electron pressure tensor term (∇ · P e ), presented in green, is further decomposed into the ∂ x P exy term (the dashed line) and the ∂ z P eyz term (the dotted line). In symmetric reconnection, the reconnection electric field is balanced by the pressure tensor term at the X-line, 17 however, other terms can balance it in asymmetric systems. In this case, E y is balanced by the bulk inertial term (the blue line) at the X-line (z = −0.2). 20 While traveling upward (V ez > 0), the electrons are accelerated by E y in the −y direction, resulting in the bulk inertial effect. The convection electric field (the red line) becomes zero at the X-line and at the flow stagnation point (V ez = 0) at z = 0.4. Above the X-line (−0.2 < z < 0.2), the ∇ · P e term mainly consists of the ∂ z P eyz term (the dotted line), because the meandering electrons scatter their y-momentum in the ±z directions. Near the upper edge of the electron meandering region, the ∂ x P exy term (the dashed line) replaces the ∂ z P eyz term. This is probably because the rotation about B z carries away the y-momentum in the ±x directions. Surprisingly, the electron ideal condition is violated below the X-line, z −0.3.
This was visible in previous studies, 20,52 although they investigated other important issues.
Around −0.5 < z < −0.3, the negative ∇ · P e term cancels the bulk inertial term. This (Fig. 1(b) ). 20 The core stands for magnetospheric electrons.
To confirm this scenario, the electrons in the trajectory dataset are shown in a scatter plot in Figure 3(b) . We remind the readers that they are the three-percent subset of the total electrons. Both the color and the size indicate how many times the electrons cross the field reversal (B x = 0) during 30 < t < 40. As can be seen, the electrons in the crescent part cross the field reversal many times, while the electrons in the central core rarely cross the reversal. The crossing numbers are higher in the outer part of the crescent, because they gained their energy while traveling through the meandering orbit.
Considering the electron motion across the reconnection layer, we find that the sheathorigin electrons should satisfy the following inequality in the VDF,
where The influence of the normal electric field E z is found in the last term in Eq. 7. It is indicated by the green dashed curve in Figure 2(a) . Around Box 1, the term is negative, and it shifts the curves in Figure 3 (b) in the −v y direction. The normal electric field E z energizes the meandering electrons, shifting them in −v y in the velocity space around Region 1. We also note that the magnetospheric electrons are accelerated in −y by the E × B drift, V E×B,y ≈ E z /B x (the thin black curve in Figure 2(a) ). However, the shift for the sheath-origin electrons is bigger than the E × B boost for the magnetospheric
an increasing function from the negative infinity to zero. The φ(z)/A y (z) < V E×B,y relation tells us that the normal electric field E z acts to separate the sheath-origin crescent electrons from the sphere-origin core electrons in the VDF. The finite E z around the X-line makes the crescent pronounced in the magnetospheric side. case, more electrons on the right side cross the reversal, due to the E × B upward motion.
Even though they do not cross the reversal by t = 40, they will eventually reach the reversal sometime. Since the meandering electrons do not fully gyrate about the magnetic field line, they often lead to violation of the electron ideal condition. The meandering electrons hardly move in z on average, and therefore the electron bulk flow V ez becomes slower than the E × B speed. In such a case, we expect Interestingly, the ensemble curvature parameter is low (K ≈ 2.2) around Region 2 ( Fig. 1(f) ). This tells us that the magnetic curvature radius is comparable with the typical electron Larmor radius. There are two reasons. First, although the field lines look relatively straight in the 2D plane, they are sharply bent in 3D around Region 2. The 3D field lines and their 2D projections are presented in Figure 4 . The red solid line corresponds to the field line through the center of Box 2. It is stretched in the y direction, because the upward electron flow generates the out-of-plane field B y ( Fig. 1(d) ). As a result, both B y and B z components reverse their signs across the inflow line (x = 64.0) around Region 2.
The relevant magnetic curvature radius is R c ≈ 1.7. Second, the Larmor radius increases.
The magnetic field is B x = −0.31 at z = −0.8 at the center of Box 2. For an energetic electron of |v e | = 5, its Larmor radius is ≈ 0.65, which is comparable with the curvature radius R c . We obtain κ = 1.61 in this case. The electron Larmor radius further increases, as it approaches the field reversal (B x = 0) at z = −0.2. In Figure 3 The circles correspond to the centers of Boxes 1, 2 and 3.
In Figure 3 (e), the dashed line indicates the direction of an average magnetic field in Box 3. The VDF contains a field-aligned component, streaming out from the magnetosheath side to the magnetospheric side. We do not present a particle view, because the field-reversal crossing is not meaningful, as will be shown shortly. Figure 1(f) indicates that the ensemble curvature parameter K ∼ 1.6 is the smallest around the Box 3, which is slightly above the B x reversal. This is due to the 3D field-line geometry. In addition to the in-plane field, there is a guide field B y around Region 3. To better understand the topology, we transform the coordinates into local LM N coordinates. We assume that the N axis lies in the 2D simulation plane. Then we find the N axis by using the minimum variance method. 
C. Particle orbits
In the trajectory dataset, 1845 electrons are located in Boxes 1-3 at t=35. We visually inspected 600 of them and then we show representative ones in Figure 5 . The first three panels show the orbits in the x-z, y-z, and x-y planes. The next two panels present the orbits in the velocity space (v y -v z ) and in the energy space (E-z). The triangles and the The first case represents a meandering orbit (Figs. 5(a)-(c) ). Starting from the magnetosheath, the electron continues to bounce around the center. It travels a long distance in −y, crossing the field reversal 22 times. In the velocity space ( Fig. 5(d) ), it moves along the left arcs. Obviously the electron belongs to the crescent-shaped component in the VDF (Fig. 3(a) ). The electron at t = 35 is indicated by the small arrow in Figure 3(b) . When the electron is above the field reversal (z > −0.2), it goes around the outer side of the crescent, as indicated by the red arrow in Figure 5(d) . Below the reversal, it slowly moves in the inner side of the crescent (the dashed arrow). This is because the electron gains substantial energy from negative E z ( Fig. 1(b) ). This is evident in the energy diagram in Figure 5 (e).
Despite the lower energy, it travels much deeper in z in the magnetosheath, because |B| is weaker there. During the meandering motion, the electron continuously gains the energy from the reconnection electric field. Figure 5 (e). The z-confinement qualitatively agrees with a damped oscillation during the Speiser orbit. 49 It is more evident in lower-energy meandering electrons, because they are more sensitive to the incoming E × B flows than high-energy electrons. Concerning the particle energization, since the normal electric field (|E z |) is an order-of-magnitude stronger than the reconnection electric field |E y |, the normal field is a particle accelerator on a short time-scale. On the other hand, the y-acceleration continues as long as the electron runs in −y. Figure 5 (e) shows that the electron gained more energy from E y than from E z . Therefore, the reconnection electric field E y is a major accelerator on a long time-scale for the highest-energy electrons.
In the middle panels, the electron #2 in blue corresponds to an electron in the core component in the VDF in Box 1 ( Fig. 3(a) ). It has a high x-velocity, v x ≈ 4.9 at t = 35.
The electron starts from x = 42, far outside the presented domain, at t = 30. Then, it passes Box 1 along the field lines. The electron drifts in the −y direction (Fig. 5(g) ), due to E z around the separatrix boundary.
The electron #3 in green stays in the magnetosheath for a long time. While bouncing in ±x, it slowly moves in the (+y, +z) direction, as indicated by the green dashed lines (Figs. 5(g,h) ). Judging from the displacement of its guiding center (Fig. 5(g) ), the average drift speed is ∼ (0.0, 0.4, 0.16). The E × B velocity around Box 2 is ∼ (0.0, 0.3, 0.1) (Fig. 2(a) ). On average, the gradient-B drift probably explains the additional drift in +y.
Later, it crosses the field reversal and then escapes to the magnetospheric side in the +x direction. When it jumps to the magnetospheric side, the electron #3 gains substantial energy by E z , as evident in Figure 5 (j). It is located to the right of the blue curve in Figure   3 (d), and it did not cross the reversal at t = 35. After some time, it eventually escapes to the magnetospheric side.
In the bottom panels, the electron #4 stays around Region 1. It drifts in the (−y, −z) direction due to the normal electric field E z and the reconnection electric field E y . The electron bounces in x, because it is trapped by E ( Fig. 1(d) ) as discussed by Egedal et al.
14 . This and the electron #2 belong to the core component in the v y -v z space. However, unlike the electron #2, the electron #4 has a lower x-velocity (|v x | ≤ 1) and therefore it is trapped there. Later, the electron #4 escapes in the +x direction, because E < 0 at x ≈ 65 (the blue region Fig. 1(d) ). Other electrons may eventually reach the field reversal and then start to undergo the meandering motion, however, it will take a longer time to reach the field reversal at z 0 = −0.2. Although it is almost impossible to see in Figure 2 (b), the E × B speed is V E×B,z ∼ −0.025 at z > 0.2. The guiding center moves only ∆z ∼ 0.125 during 35 < t < 40, as seen in Figure 5 (l).
D. Electron mixing
We propose a simple parameter to evaluate the electron mixing during magnetic reconnection. ince magnetic reconnection mixes plasmas from two inflow regions, we classify the electrons, based on the polarity of B x at the particle position at t = t 0 − ∆t. Here, we employ the magnetic field at the particle position rather than at the guiding center, because the guiding center may not be meaningful for unmagnetized particles. Then, to quantify the mixing of two populations, we define a forward-time finite-time mixing fraction (FTMF),
where Furthermore, magnetic reconnection is something more than a simple mixing process. It ejects plasmas in the outflow directions. Recognizing that this is a mixing process from the outflow regions in the reverse-time direction, we define a backward-time FTMF by using the polarity of B z at the future position at t = t 0 + ∆t,
Combining the forward-time and backward-time FTMFs, we introduce a mixing measure for reconnection,
We call it the FTMF or the mixing parameter. Since both M f and M b range from 0 to 1, To evaluate Equation 10, we need three footprint data at t = t 0 and t = t 0 ± ∆t. One can obtain a similar result by evaluating
from two footprints. We employ the former approach in this study, because it preserves an original meaning that particles mix and then they depart. Using the trajectory dataset, we In Figure 1(g) , the FTMF M R marks several places. In particular, it emphasizes the magnetospheric side of the X-line. As guided by the red dashed box in Figure 1 , the length in x and the width in z are comparable with the energy-dissipation region identified by D e . There, the sheath-origin crescent electrons and the sphere-origin core electrons coexist in the VDF (Figs. 3(a,b) ). Then two populations are both ejected to either of the two outflow regions. These behaviors are captured by M f and M b (Eqs. 8 and 9). A careful inspection tells us that M R marks T-shaped region in the red box. This is probably because the electrons near the bottom-left and bottom-right corners are threaded by the outermost magnetic field lines in ±x. The region between Regions 1 and 2 is weakly marked by M R , because the electrons are meandering in ±z. However, M R is remarkably smaller in Region 2 than in Region 1. First, because of the density asymmetry, the VDF in Box 2 (Figs. 3(c,d)) contains much more electrons in the core component than in Box 1. As shown in Section IV C (see the orbit #3 in Fig. 5 ), they spent a relatively long time in the magnetosheath and therefore they do not cross the field reversal on a short timescale of ∆t = 1.0. Therefore, the number of meandering electrons is relatively small in Region 2. Second, as already discussed, the meandering electrons have lower energies in the magnetosheath side than in the magnetospheric side (Fig. 5(e) ). Since they move slower in the magnetosheath, the electron mixing is less efficient. For these reasons, M R is small around Region 2.
One can also see the four arms along the separatrices, because the electrons quickly move to and from the central mixing site along the field lines. The FTMF region stretches to the outward directions, and it will eventually spread over the entire current layer in the ∆t → ∞ limit. Therefore, it is important to choose an appropriate ∆t that represents the electron kinetic physics around the X-line. There are weak mixing sites in the exhaust regions at x < 60 and x > 68. They correspond to the magnetic O-type regions. Some electrons travel along the field lines inside the magnetic islands, and then they repeatedly go through the B x < 0 and B x > 0 regions and the B z < 0 and B z > 0 regions. Therefore the FTMF occasionally detects such O-type magnetic islands.
V. DISCUSSION
We have examined several aspects of electron kinetic physics during asymmetric magnetic reconnection in an anti-parallel magnetic field. Due to the asymmetric plasma conditions, the electron physics appears in very different ways in the two nonideal regions across the reconnection layer (Regions 1 and 2 ).
On the magnetospheric side of the X-line (Region 1), the electron momentum transport in the pressure tensor term, ∇ · P e , balances the reconnection electric field at the electron stagnation point. 20 By tracking self-consistent electron trajectories, we have verified recent results that the VDF consists of the crescent-shaped component by the sheath-origin meandering electrons and the core component by magnetospheric electrons. 1, 9, 15, 20, 45 Examining the one-dimensional theory, we have further found that the normal electric field around the X-line makes the crescent pronounced. Although Region 1 is not marked by the curvature parameters, the crescent part of the VDF is obviously nonadiabatic.
Since the electron orbits are fundamental elements for the kinetic physics of magnetic reconnection, it is interesting to see the relevance to the orbits in symmetric cases. In a symmetric system, Zenitani & Nagai 53 recently found many "noncrossing electrons" that do not cross the field reversal, due to the Hall electric field E z . In this study, in Figure 3 (b), most of the core electrons in Box 1 do not cross the field reversal, because they are kept away from the reversal by E z along the sphere-side separatrix. They correspond to the noncrossing electrons in the symmetric case. Zenitani & Nagai 53 further found Speiser-type noncrossing orbits in the symmetric system. In this asymmetric case, we fail to distinguish the noncrossing Speiser-like orbits, because the magnetic topology is very flat in the magnetospheric side. In the magnetosheath, we do not expect noncrossing electrons because there is no electric field E z pointing toward the field reversal. Some electrons do not cross the field reversal in the VDF in Box 2 ( Fig. 3(d) ). However, as discussed, we do not consider them as noncrossing electrons, because they will eventually cross the field reversal after t > 40.
We have examined electron-physics signatures in Region 2 in the magnetosheath side.
The curvature parameters suggest that the electron are in the nonadiabatic regime. The electron motion becomes chaotic, because the electron Larmor radius is comparable with the magnetic curvature radius. The curvature is actually steep in 3D, and the Larmor radius is large in a weak magnetic field. A typical nonadiabatic motion is shown in the orbit #3 in Figure 5 (f). Since the nonadiabatic electrons no longer follow the magnetized drift motion, the ideal condition need not be preserved. Strictly speaking, there is no guarantee that the nonadiabatic electrons always violate the ideal condition. However, the system requires the electric current to maintain the magnetic curvature. Only electrons can carry the currents for small-scale magnetic curves, while the ions are insensitive to the electron-scale structure.
In reality, nonadiabatic electrons do carry a huge amount of electric current. Assuming
−enV e ≈ J in the E × B frame, we expect E + V e × B ≈ − 18,53 If we consider a one-dimensional current layer, J = J (x) and ∂ z ≈ 0, it is reasonable to see that the pressure tensor term is supported by the variation in x, (∇·P e ) y ≈ ∂ x P exy ( Fig. 2(b) ) at z −0. Around Region 3, we have found an electron nonideal layer. As presented in Figures 1(f) and 3(f), the nonadiabatic (nonideal) layer corresponds to the field reversal B L = 0 in appropriately rotated coordinates. We argue that the nonidealness stems from the nonadiabatic motion of electrons. The layer resembles a fast electron-jet inside the exhaust in symmetric reconnection. 18, 24, 44 The symmetric electron-jet is populated by Speiser-orbit electrons, 53 as characterized by K < 1. 28 In this asymmetric case, electrons are not in the Speiser regime, but in the nonadiabatic regime of 1 < K 2.5. In both symmetric and asymmetric cases, the electron nonideal layer is virtually non-dissipative, as seen in Figure 1 (e). The transition from the symmetric K < 1 layer to the asymmetric 1 < K 2.5 layer would be sensitive to the mass ratio, the guide field, and the asymmetry in inflow parameters, in analogy with symmetric systems.
28
Let us estimate whether we will see the nonadiabatic signatures in the actual world. We assume that the magnetic field topology is determined by a hybrid scale of the electron and ion physics. Then we expect the minimum magnetic curvature radius to be a geometric mean of the local inertial lengths of ions and electrons, R c,min 
where β e is the electron plasma β. Our initial conditions m i /m e = 25 and β e = 2 in the sheath side give K ∼ 1.5, in agreement with K 2.2 above Region 2 ( Fig. 1(f) ). If we assume K < 2.5 for nonadiabatic signatures, the magnetosheath plasma β needs to be β > 13.1 for T i = 5T e and β > 4.4 for T i = T e at the real mass ratio. This is possible in the magnetosheath. The plasma β becomes even an order-of-magnitude higher inside the reconnection outflow exhaust. Therefore, we expect the nonadiabatic signatures, at the sheath-side vicinity of the X-line and inside the outflow region near the X-line at the dayside magnetopause. Along with PIC simulations at higher mass ratios, the nonadiabatic signatures could be observed near the X-line with MMS.
Recently, Hwang et al. 21 observed the violation of the electron ideal condition in the exhaust region in magnetopause reconnection with MMS. Their result corresponds to E y < 0 in our coordinates. During the event, the out-of-plane magnetic field was finite around the field reversal ( Fig. 2(a) of Hwang et al. 21 ). The relevant electron VDF contained a parallel component, streaming away from the magnetosheath (Figs. 3(e) and 2(n) of Hwang et al. 21 ). All these results are consistent with our prediction for Region 3. Unfortunately, the curvature parameter was not clear in this event. Using the minimum magnetic field 10 nT and the typical electron energy 100 eV, we estimate the Larmor radius to ρ eff = 3-4 km. In the nonadiabatic case of K < 2.5, the magnetic curvature radius was supposed to be R c = K 2 ρ eff < 18-25 km. This is smaller than the average spacecraft separation 64 km at that time. Fortunately, the separation often remained about 10 km or below during the first phase of the mission. Such separations should be sufficient to confirm the curvature in similar events.
We have also proposed the FTMF to evaluate the electron mixing. Previous studies on the plasma mixing during Kelvin-Helmholtz instability 12, 30, 32 and magnetic reconnection 11, 53 employed the following or similar parameters, R mix (t s , t 0 ) ≡ mix N r(t s ) z > 0 , N r(t s ) z < 0 ,
F(t s , t 0 ) ≡ N r(t s ) z > 0 − N r(t s ) z < 0 N r(t s ) z > 0 + N r(t s ) z < 0 = ± 1 − R mix (t s , t 0 ) ,
where t = t s is the start time. We have extended these diagnoses by combining the two mixing fractions and by using a finite mixing time ∆t in the start time, t s = t±∆t. The best value for ∆t is under investigation. For electrons, the mixing time should be determined by a typical timescale of the electron physics. Meanwhile, to distinguish reconnection-physics phenomena from a gyration, it should be longer than the electron gyroperiod ∆t > 2πΩ −1 ce . Our current choice of ∆t = 25.0 Ω −1 ce satisfies these two conditions. In order to classify the two inflow populations for M f and the outflow populations for M b , we employed B x and B z , because we knew that the initial magnetic field is in ±x and that the reconnection occurs in the x-z plane. However, it is not certain how to extend these methods to generic cases in 2D and 3D. Numerical tests at various mass ratios in various configurations are necessary, to find the best mixing time ∆t and the best conditions for M f and M b .
Physically, it is very interesting that the mixing site is similar to the energy dissipation site, identified by D e (Fig. 1(e) ). As shown in Figures 3(a,b) , two populations of different origins coexist in the VDF. Then they will mix with each other in the phase space, as they escape in the outflow directions. We expect that such a phase-space mixing involves the local electron heating and the entropy increase. This should involve the plasma heating in the local MHD frame or the nonideal energy transfer. 52 The relationship among the electron mixing, the plasma heating, and the entropy evolution deserves further investigation. This is the first step to quantitatively evaluate the electron mixing during magnetic reconnection.
VI. CONCLUSIONS
We have studied several properties of electron kinetic physics during asymmetric magnetic reconnection in an anti-parallel configuration, by using the 2D PIC simulation. We have focused on three characteristic regions near the X-line, where the electron ideal condition is violated. On the magnetospheric side of the X-line, the normal electric field enhances the electron meandering motion from the magnetosheath. The motion leads to a crescentshaped component in the VDF, in agreement with previous studies. On the magnetosheath side, since the magnetic field line is stretched in the third dimension and since the magnetic field is weak, the magnetic curvature radius is comparable with the electron Larmor radius.
The electron motion becomes highly nonadiabatic, and therefore the electron idealness is no longer expected to hold. Around the middle of the outflow regions, the electron nonidealness is coincident with the region of the nonadiabatic motion. These nonadiabatic signatures would be observable at the actual magnetopause. Utilizing the PIC data, we have introduced the FTMF to diagnose the electron mixing. We have found that the electron mixing is enhanced on the magnetospheric side of the X-line, where the nonideal energy dissipation occurs. This suggests that the electron mixing produces the plasma heating and the nonideal energy dissipation during magnetic reconnection.
If the electron reaches z = z 0 , v 2 z0 > 0 needs to be satisfied. This leads to the inequality (Eq. 7 in Sec. IV),
